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Summary 

Uptake of  sulfate by yeast requires the presence of a metabolic substrate and 
is dependent  on the time during which the cells have been metabolizing in the 
absence of sulfate. At low concentrations of sulfate, uptake can be described 
by simple saturation kinetics. Uptake of sulfate is accompanied by a net 
proton influx of  3 H ÷ and an efflux of  1 K ÷ for each sulfate ion taken up. 
Divalent cations stimulate sulfate uptake at low concentrations of sulfate; the 
maximal rate of uptake is not  significantly affected but Km is lowered. Stimula- 
tion by divalent cations shows an opt imum at a cation concentration of about  
4 mM. Monovalent cations are less effective, trivalent cations are more effective 
in stimulating sulfate uptake. The results are qualitatively in accordance with 
the notion, that  the effect of cations is due to an effect via the surface 
potential. 

Introduction 

The kinetics of sulfate uptake have been relatively well studied in Penicillium 
[1--3] and preliminary studies have been performed on Saccharomyces [4,5]. 
Cuppoletti  and Segel [3] found a dependence of sulfate uptake on the pH of 
the suspending medium and on the Ca 2÷ concentration. Based on kinetical 
experiments a model for sulfate uptake in Penicillium was developed, that  
described the uptake process at a cotransport of one sulfate ion with one H ÷ 
and one Ca 2÷. Since Ca 2÷ was not  accumulated in a 1 : 1 stoicheometry with 
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sulfate, it was assumed that  most of the translocated Ca 2÷ would return with 
the unloaded carrier to the external side of the membrane. 

Theuvenet and Borst-Pauwels [6,7] suggested a different mechanism by 
which multivalent cations might stimulate uptake of anions. A reduction of the 
surface potential by the addition of multivalent cations will favour the accumu- 
lation of anions at the membrane-solution interface and thus enhance the rate 
of anion uptake. If, however, the anion is taken up via a cotransport mecha- 
nism with cations, the effect of the surface potential on the transport kinetics 
of such a cotransport system will be complex, since the interfacial concentra- 
tions of anions and cations are affected in an opposed way [8]. We will show, 
that  the effects of cations on sulfate uptake can at least partly be attributed to 
an effect via the surface potential. 

Materials and Methods 

Yeast cells, Saccharomyces cerevisiae strain Delft II, with a low phosphate 
content ,  were starved in distilled water under aeration for 20 h. The aeration 
period was kept constant, since prolonged aeration resulted in a decrease of the 
rate of sulfate uptake. After starvation, the cells (2%, w/v) were incubated for 
2 h in 45 mM Tris/succinate buffer of the desired pH, in the presence of 3% 
(w/v) glucose at 25°C. Nitrogen was bubbled through the suspension continu- 
ously. The uptake of sulfate (added to the medium as Tris/sulfate) was studied 
using 3sSO4 as a tracer, with the technique described earlier for phosphate 
uptake [9]. The filters were not  dried, and the radioactivity was determined by 
means of liquid scintillation analysis. Initial uptake rates were determined from 
the slopes of the tangents to the uptake curves at zero time. Uptake of Ca 2÷ 
was determined as described elsewhere [ 10]. 

Efflux of K ÷ was measured with a K÷-selective electrode (Philips IS 560) in a 
buffered suspension. Proton fluxes were measured in unbuffered suspension by 
means of a pH star, with triethylamine and HCI as titrants. These experiments 
were carried out with a 5% (w/v) yeast suspension provided with 7.5% (w/v) 
glucose, after a preincubation of 2 h at pH 5.3. 

Cells with a lower cell pH were obtained by addition of 4 mM butyric acid, 
adjusted to pH 4.5 with Tris, to the yeast suspension at 6 min prior to uptake. 
The cell pH was determined after freezing and boiling the cells [11]. 

Complexation of sulfate by Ca 2÷ and Cr 3÷ was studied with a Ca2÷-selective 
electrode (Philips IS 560); the electrode was also sensitive to Cr 3÷. Solutions of 
CaC12 and CrC13 were t i trated with Tris/sulfate or Na2SO4 as described by 
Kobos and Rechnitz [12]. 

Results 

Uptake of sulfate requires the presence of a metabolic substrate and is 
markedly dependent on the time during which the cells have been metabolizing 
in the absence of sulfate. The rate of sulfate uptake is maximal after about 
2 h. At low concentrations of sulfate, up to about 0.5 mM, uptake can be 
described by simple Michaelis-Menten kinetics (see also Fig. 2). We have only 
studied the kinetical properties of this high affinity uptake mechanism. Our 
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experimental data do not, however, exclude the possibility that there is also a 
low affinity sulfate uptake mechanism operative at high concentrations of  sul- 
fate, as found by Breton and Surdin-Kerjan [5].  The apparent affinity constant 
Km and the maximal rate of  uptake V of  the high affinity system depend on 
the pH of  the suspending medium as shown in Fig. 1. These results resemble 
strongly those obtained with phosphate uptake by yeast [13] and show direct 
or indirect interaction of  protons with the sulfate uptake mechanism. Phos- 
phate uptake by yeast is accompanied by net proton influx and extrusion of  K ÷ 
[14].  

Experiments were carried out  to determine whether this was also true for 
sulfate uptake. Tris/sulfate was added to the yeast suspension (pH 5.3) and 
proton and K ÷ fluxes were measured. Corrections for the effect of  Tris ÷ on 
these fluxes were made by adding an equivalent amount of  Tris-HC1 in a con- 
trol experiment (Table I). We found that addition of  sulfate to the yeast sus- 
pension caused an immediate efflux of  K+; for each sulfate ion taken up, 

T A B L E  I 

H + A N D  K + F L U X E S  A C C O M P A N Y I N G  S U L F A T E  U P T A K E  B Y  Y E A S T  

Fluxes  ate given in m m o l -  rain -1 • k g  - I  . Sulfuric  acid ( 0 . 2 5  m M  in the  P r o t o n  f lux e x p e r i m e n t s ,  0 . 5  m M  in 
the  K + f lux e x p e r i m e n t s ) ,  adjusted  to  p H  5 . 3  w i t h  Tris, was  added to  the  yeas t  suspens ion .  In the co ntro l  
e x p e r i m e n t ,  the s a m e  a m o u n t  o f  Tris, adjusted  to  p H  5 .3  w i t h  HC1 wa s  added  to  the  suspens ion .  

Ef f lux  Ef f lux  N e t  f lux v s o 2 -  Rat io  

(SO 2 -  a d d e d )  ( c o n t r o l )  

H + 6 . 6  8 . 4  1 .8  ( i n )  0 . 5 3  3 . 4  
K ÷ 0 . 6 0  0 0 . 6 0  ( o u t )  0 . 5 8  1 . 0 4  
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Fig. 2. E f f e c t  of  the  cell pH on the kinet ics  of sul fa te  up t ak e ,  at a m e d i u m  pH of 4.5; ©, cont ro l ,  4 m M  
Tris-HCl added  at  6 ra in  p r io r  to up t a ke ,  cell pH 6 .73;  e ,  4 mM T r i s / b u t y r a t e  ad d ed  at  6 rain p r io r  to 
u p t a k e ,  cell p H  6.30.  

1.04 +- 0.15 K ÷ were extruded (mean and standard deviation of 5 experiments). 
The proton fluxes accompanying sulfate uptake were determined in an 
unbuffered suspension kept  at pH 5.3 in a pH stat. From the difference 
between the H ÷ efflux in the presence and in the absence of  sulfate, a net 
proton influx of  1.8 mequiv. W/kg  per min caused by sulfate could be cal- 
culated. From four  paired experiments a ratio of  3.4 +_ 0.5 (mean and standard 
deviation) could be determined. Probably sulfate is cotransported with 
3 protons; electroneutrality is maintained by  efflux of  one K ÷. 

Both Km and V of sulfate uptake depend on the intracellular pH as shown in 
Fig. 2 (data represented according to Hofstee [15]). This may point  to interac- 
tion of  intracellular H ÷ or OH- with the uptake mechanism. The results with 
sulfate uptake are similar to those obtained with phosphate uptake [13]. 

At pH 4.5, sulfate uptake is inhibited by phosphate; at a concentration of  
200 /~M phosphate, the maximal rate of  uptake is reduced to about  50% of the 
control  value, bu t  Km is not  affected; it is hence unlikely that  sulfate and phos- 
phate compete  for the same transport  site. The dependence of  the inhibition on 
the concentrat ion of  phosphate was investigated at low sulfate concentration. 
The inhibition by phosphate could be described by saturation kinetics; the 
concentrat ion of  phosphate  at which half-maximal inhibition of  sulfate uptake 
was found, was about  equal to the Km of phosphate for the phosphate uptake 
mechanism (11 pM at pH 4.5). 

Sulfate uptake is also inhibited by 2,4-dinitrophenol. At pH 4.5, addition of 
0.1 mM dinitrophenol 6 min prior to addition of radioactive sulfate to the 
yeast suspension, causes a reduction of  both  V and g m of sulfate uptake. V is 
decreased to 0.04 mmol/min per kg (compared to 0.40 mmol/min per kg for the 
control),  and K m is decreased to 3.5 pM (compared to 20 pM for the control). 

The effect  of  Mg 2÷ on sulfate uptake is shown in Fig. 3; it appears that  the 
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Fig. 3. E f f ec t  of  Mg 2+ on the  kinet ics  of  sulfate  u p t a k e  at  p H  6.25;  o, cont ro l ;  e ,  4 m M  MgCI 2 added.  

Fig. 4. E f f ec t  of  Mg 2+ and  K + on the  ra te  of  sulfate  u p t a k e  a t  pH 4.5;  the sulfate c o n c e n t r a t i o n  was 1 ~M. 
o, Mg2+; e, K +. In  addi t ion ,  the  s t imu la t ion  by 15 mM Li+is given in the f igure (X). 

stimulating effect  of  Mg 2+ is mainly due to a decrease of  K m and that V is 
hardly affected. If the stimulation by Mg 2+ is plot ted as a function of  the Mg ~÷ 
concentration,  an ~pt imum is found, situated at about  4 mM Mg 2+ (Fig. 4). The 
stimulating effect/ is not  specific for Mg 2+, similar results are obtained with 
other divalent cations, and there is relatively little difference between the effect  
of  various ions (Table II). 

Also monovalent  cations, of  which K ÷ and Li ÷ were tested, enhance sulfate 
uptake, though less effectively than divalent cations. For K ÷ it was found, that  
the optimal concentrat ion was at about  20 mM (Fig. 4). On the other  hand, 
trivalent cations, of  which we tested A13+ and Cr 3+, were more effective; the 
opt imum occurred at about  0.4 mM Cr 3+ (Fig. 5). 

Fig. 5 shows, that  if sulfate uptake is already maximally stimulated by Mg 2÷, 
addition of  Cr 3÷ does not  further enhance the rate of  sulfate uptake, but  on the 
contrary has an inhibiting effect. This suggests that the effect  of  Mg 2÷ and Cr 3÷ 

T A B L E  II  

E F F E C T  OF D I V A L E N T  C A T I O N S  ON S U L F A T E  U P T A K E  A T  p H  4.5 

T h e  c o n c e n t r a t i o n  of  su l fa te  dur ing  the expe~ imen t  was  1 #M. Diva len t  ca t ions  were  ad d ed  to  a concen-  

t r a t i on  o f  4 mM. Da ta  are  m e a n  -+ S . D . ,  n = 3 .  

Rate  of  u p t a k e  (%) 

Control 100 

Mg 2+ 157 -+ 13 

Ca 2+ 156 -+ 7 

Sr 2+ 167 + 4 

Zn 2+ 160 -+ 13 

Mn 2+ 141 -+ 15 
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Fig.  5. E f f e c t  o f  C r  3+ o n  t h e  r a t e  o f  su l f a t e  u p t a k e  a t  p H  4 .5  ( su l f a t e  c o n c e n t r a t i o n  1 ~M);  ©, w i t h o u t  
a d d e d  Mg2+; e ,  4 m M  Mg 2+ a d d e d ;  X, d a t a  w i t h o u t  a d d e d  Mg 2+ c o r r e c t e d  fo r  c o m p l e x a t i o n  o f  su l fa te  b y  
Cr3+;  b e l o w  1 m M  Cr  3+ n o  a c c u r a t e  d a t a  c o u l d  be  o b t a i n e d .  

Fig.  6. E f f e c t  o f  C a  2+ o n  the  r a t e  o f  su l fa te  u p t a k e ;  o,  p H  4.5~ o,  p H  3 .5 ;  zx p H  7 .4 ;  X, p H  4 .5  c o r r e c t e d  
f o r  c o m p l e x a t i o n  o f  su l f a t e  b y  Ca  2+. T h e  su l fa te  c o n c e n t r a t i o n  in t he  e x p e r i m e n t s  was  1 /zM.  

is based on the same mechanism and the result could very well be explained by 
assuming that once the optimal value of  the surface potential is reached, a 
further reduction, be it by addition of  Mg 2+ or by that  of  Cr 3+, will inhibit 
sulfate uptake. Similarly, in the presence of  optimal concentrations of  
Mg 2* or Cr 3+, addition of  15 mM K ÷ inhibits sulfate uptake with about  
15%, whereas in the absence of  Mg 2+ or Cr 3+ it stimulates sulfate uptake 
by  30% (Fig. 4). 

Divalent cations only stimulate sulfate uptake at intermediate pH values. At 
very low (<pH 4) or high (>pH 7) values of  pH no stimulation occurs (Fig. 6). 

To determine whether  the decrease in stimulation of  sulfate uptake by 
divalent or trivalent cations at high concentrations of  these ions might be due 
to complexat ion of  sulfate, the complexat ion constants of Ca 2÷ and Cr 3+ with 
sulfate were measured by titration of  solutions of  CaCI2 or CrC13 with sulfate; 
measurements were carried out  in 45 mM Tris/succinate buffer  at pH 4.5. In 
Figs. 5 and 6 the resulting corrections for complexation of sulfate by Ca 2+ and 
Cr 3÷ at this pH are shown. The decrease of  stimulation of  sulfate uptake at high 
concentrations of  Ca 2+ and Cr 3+ appears to be only partly due to complexation 
of sulfate. 

Uptake of  Ca 2÷ (at 1 pM Ca 2+) was not  stimulated by sulfate, hence no 
support  was obtained for the not ion that  sulfate might be cotransported with 
divalent cations. 
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Discussion 

In several resPects , the kinetics of sulfate uptake by yeast resemble those of 
phosphate uptake. Both ions appear to be cotransported with protons (or 
exchanged for cellular OH-). The ratio between anion uptake and proton 
uptake allows translocation via a positively charged complex and the charge 
balance is maintained by extrusion of K ÷, the most abundant cellular cation. In 
this way, anion uptake may be coupled to the uptake of protons along their 
electrochemical gradient. The dependency of sulfate uptake on the sulfur 
starvation period parallels the results obtained with phosphate uptake by yeast 
[16]. Also the effects of dinitrophenol [17] and divalent cations [7] are 
qualitatively similar. On the other hand, it is unlikely that the sulfate transport 
system is identical with the phosphate transport system: phosphate ions do not 
inhibit sulfate uptake in a competitive way, and sulfate ions do not inhibit 
phosphate uptake [18]. 

Our findings strongly suggest that phosphate and sulfate are taken up via 
similar transport systems. This is also reflected in the pH dependence of phos- 
phate and sulfate uptake. In the case of phosphate, it has been shown that the 
dependence of the maximal rate of uptake on the pH of the suspending 
medium is, in fact, only apparent; V depends only on the cell pH [13]. The 
medium pH at which a maximum for V of sulfate uptake is found, corresponds 
with a cell pH of 6.95; this is close to the optimal cell pH for V of phosphate 
uptake, about 6.8. If, indeed, V of sulfate uptake is independent of the extra- 
cellular pH, this would point to a transport mechanism in which protons bind 
to the carrier before the sulfate ion [8] (see Appendix). Such an order of 
binding has also been suggested for sulfate uptake in Penicillium [3]. We will 
show, that the effects of the surface potential on sulfate uptake are in accor- 
dance with such a mechanism. 

In a theoretical study of the kinetics of carrier-mediated ion transport, Borst- 
Pauwels [19] showed, that if the carrier can move freely across the cell mem- 
brane, Km and V are not independent kinetical parameters, but they are inter- 
related and dependent on the intracellular concentration of ions that have 
affinity for the carrier. The results indicate that sulfate uptake by yeast, in 
analogy with phosphate uptake [13] is a carrier-mediated process, and that 
intracellular H ÷ or OH- have affinity to the sulfate carrier. 

An inhibition by phosphate, similar to that of sulfate uptake, has also been 
found with uptake of monovalent and divalent cations by yeast [9,10]. We 
have suggested, that this inhibition is due to a transient depolarization of the 
membrane by phosphate. Inhibition of sulfate uptake would then also be 
expected, if sulfate is translocated as a positively charged complex. 

The finding that inhibition of sulfate uptake by 2,4-dinitrophenol is 
strongest at high concentrations of sulfate is similar to results obtained with 
phosphate uptake [ 17]. The inhibitory effect of dinitrophenol is probably not 
only due to depolarization, but also to a decrease of the cell pH. Earlier obser- 
vations [20] showed that under anaerobic conditions, 2,4-dinitrophenol 
caused only a minor decrease in cell ATP level. 

The effect of fatty acids and especially of butyric acid on phosphate uptake 
has been studied extensively [13,20,21] and it was concluded [21] that the 
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effect of butyric acid and other fat ty acids is only an indirect effect via the cell 
pH. 

In a theoretical study [8] we have shown, that  if an anion is taken up via a 
cotransport  mechanism with cations, the rate of uptake of the anion may show 
an opt imum at a certain value of the surface potential. ConsequentIy, if the sur- 
face potential is changed by addition of a cation, the rate of anion uptake may 
show an opt imum if plotted as function of the concentration of this cation. 
Qualitatively this may be understood by assuming that  at a low concentration 
of this cation, the effect of the increase of the interfacial anion concentration 
would be predominating, but  that  at high concentrations of the cation used to 
decrease the surface potential, the decrease of the interfacial concentration of 
the positively charged cosubstrate, in this case H +, would become more 
important.  

Qualitatively, the effect of cations on sulfate uptake can be described by an 
effect via the surface potential. The finding that  trivalent cations are one order 
of magnitude more effective than divalent cations, and these again more effec- 
tive than monovalent cations is in accordance with this notion. In the model 
proposed for sulfate uptake, only Km would be affected by changes in the sur- 
face potential, not  V (see Appendix, Eqn. A3). This may explain why only the 
Km of sulfate uptake is markedly affected by Mg 2÷. Under certain conditions, 
namely when KjlKj2Kj3 >~ S.3F 3 J  , K m will show a minimum if plotted as a 
function of y or of the surface potential (see Appendix, Eqn A4). These con- 
ditions will be fulfilled if at least one of the cation binding sites has a relatively 
low affinity for protons. In that  case a minimum in Km may be expected as a 
function of the concentration of an ion by which the surface potential is 
affected, and this will give rise to plots as seen in Figs. 4--6. 

Alternative explanations of  the stimulation of sulfate uptake by cations 
have been considered. Divalent and trivalent cations cause hyperpolarization 
and this could contribute to the observed stimulation of sulfate uptake. On the 
other hand, K +, which causes depolarization, also stimulates sulfate uptake. K ÷ 
might stimulate sulfate uptake indirectly by increasing the cell pH, but then it 
cannot  be explained why K ÷ inhibits sulfate uptake in the presence of optimal 
concentrations of Mg 2÷ or Cr 3÷, which do not  affect the cell pH appreciably. 
Neither can the effect of Li + be explained as an effect via the cell pH. The 
decrease of stimulation at higher cation concentration is not  exclusively due to 
complexation of sulfate. 

Although effects via membrane potential, cell pH and complexation may 
contribute to the observed effects of cations on sulfate uptake, and this may be 
reflected in the shape of the curves in Figs. 4--6, the most probable explanation 
appears to be that  the effect of  cations on sulfate uptake are mainly due to 
changes in the surface potential. 

The absence of stimulation of sulfate uptake at very low pH may be due to 
the fact that  at this pH the surface potential is so small, that  no further 
decrease can be obtained by the addition of divalent cations. We have shown 
theoretically [8] that  stimulation of anion uptake by a decrease of the surface 
potential may be absent or much smaller at very low concentrations of the 
cosubstrate, in this case at high pH. 

Various characteristics of sulfate uptake by yeast, described here, have also 
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been found with other  organisms. The dependency of  sulfate uptake on the 
sulfur starvation period, possibly reflecting the synthesis of  a sulfate-binding or 
a sulfate-transporting protein, has been found in various fungi and algae 
[1,22--25].  A pH opt imum for sulfate uptake in the range of  6.0--6.3 has been 
found in fungal and plant cells [1,26].  Inhibition of  sulfate uptake by dinitro- 
phenol has been observed in fungi, algae and higher plants [1,26,27].  Stimula- 
tion of  sulfate uptake by  cations also occurs in other  fungi and plant cells. The 
optimal concentration of  Ca 2+ has been found to be 1--3 mM in barley roots 
[28]. It has also been shown, that  monovalent  cations are less effective in 
stimulating sulfate uptake, but  that trivalent cations are more effective [2,3]. 
Only the inhibitory effect  of  phosphate found in this study, appears to be in 
contradiction with the literature [23,27].  If our explanation of  the inhibition 
is correct, in that  it is due to a transient depolarization caused by  phosphate 
uptake via the H+-phosphate cotransport  mechanism [9], inhibition would 
then only be found in phosphate-deficient cells (in which this mechanism is 
active) and only in short-term experiments. 

It may well be possible, that the mechanism for sulfate uptake as proposed 
here, is not  limited to yeast, but  occurs more wide-spread in nature. 

Appendix 

The general rate equation for anion uptake via a transport  system by which 
the anion (si) is cotransported with three cations (sj) in the case that the 
cations bind to the translocator before the anion, is given by: 

V" si 

Ki[Kj lKj2Kjs  + (KjlKj2 + Kj lKj3  + Kj2Kj3)sj + (Kjl  + Kj2 + Kj3)s~ + s + 8i 

V ' 8 i  ( A 1 )  

= gm,i 4- Si 

where Ki, Kjl, Kj2 and Kj3 are, in the case of carrier-mediated transport, com- 
plex constants, related to the affinity of the anion or cations, respectively, to 
the transport mechanism [8]. 

For ion transport across charged membranes, the concentrations of the ions 
in the aqueous bulk phase (s) should be substituted by their concentrations at 
the membrane-solution interface (So) which is related to s by the Boltzmann 
distribution law: 

So = s exp(--zq •o/kT) = sy z (A2) 

where z is the valency of  the ion, q the absolute value of  the charge of  the 
electron, ~0 the surface potential, k the Boltzmann constant and T the absolute 
temperature;  y is related to the surface potential  and defined by  Eqn. A2; for 
negatively charged membranes y > 1. 

For  a divalent anion and a monovalent  cation, Eqn. A1 is transformed into: 
V -  s i 

v i - 
Ki(KjlKj2Kj3 +(KjIKj2 + KjlKj3 + Kj2Kj3)sjY +(Kjl + Kj2 + Kj3)82y 2 +s3y 3) 

s~ y " + si 

(A3) 
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V is not  dependent  on s i (the proton concentration),  or y, but  Km,i is 
dependent  on the surface potential  and sj. From Eqn. A4: 

d K m , i  _ --Ki 
d y  s ~ y  2 ( K } I K j 2 K j 3  - -  ( K j l  + K } 2  + K i 3 ) s ~ y 2  - - 2 s ~ y 3 )  (A4) 

it can be seen that under certain conditions, namely when K]IK}2K]a ~ s~y 8, 
Kin, i will have a minimum. 
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